Introduction
In endothelial cells (EC), intracellular reactive oxygen species (ROS) are generated from several different sources including NADPH oxidases, mitochondria, cytochrome P450 and xanthine oxidase. [1] [2] [3] [4] Since mitochondrial oxidative phosphorylation contributes very little to EC's ATP synthesis, Rac1-dependent NADPH oxidase (NOX) acts as a major Although NADPH oxidase was first discovered as a phagocytic oxidase, it is noteworthy that several distinct differences between NADPH oxidase (NOX) in the phagocytic and endothelial cells (EC) necessitate careful studies of EC-NOX. 18 Critical differences between EC-NOX and phagocytic-NOX are as follow (i) as mentioned above EC NOX, unlike phagocytic cells, is present in the cell membrane as well as in peri-nuclear and other intracellular membranes, (ii) whereas endothelial NOX is preassembled and generate ambient levels of ROS intracellularly, phagocytic NOX enzyme complex does not have any basal activity and is only formed upon stimulation to generate extracellular (within the phagosome) ROS, (iii) phagocytic ROS generation is fast (within seconds) and at the millimolar levels, but non-phagocytic NOX is slow to produce ROS at the micromollar levels . These critical differences should be taken into consideration while extrapolating non-endothelial NOX data to EC-NOX. Increased levels of ROS are usually observed in pathological conditions involving vascular dysfunction, often seen in cardiovascular diseases (CVD). The major causes of morbidity and mortality in the Western world, coronary artery disease (CAD) and ischemic heart disease (IHD), both present with increased ROS. [19] [20] [21] [22] [23] The notion that reduction in ROS levels in the vessel walls should improve vascular functions has been derived from these observations. 24 Contrary to this notion are the findings of the recent interventional clinical trials using global antioxidants, e.g. HOPE, ATBC [25] [26] [27] [28] ; these trials produced negative results in reducing cardiovascular events. 25, 29, 30 Recent overviews suggesting the importance of subcellular ROS and their differential roles in pathological vs. physiological processes, and the importance of targeting specific oxidant enzymes rather than global reduction in ROS help us better understand the reasons behind failure of the global antioxidants. 31, 32 Additionally, several recent studies demonstrated that ROS reduction did not improve endothelial and vascular functions. Interestingly, reduction in ROS resulted in inhibition of eNOS activation and NO synthesis in EC, and thus led to reduction in endothelial function and coronary vasodilatation. 33, 34 These results suggested that EC-ROS exert a critical positive effect on vascular endothelial function. There are several reports suggesting a critical balance between subcellular ROS levels is critical for endothelial, and thus vascular, functions. ROS levels in different subcellular compartments such as mitochondria, cytosol and ER may play distinctly different roles in cellular functions. ROS in the cytosol may affect mitochondrial ROS and vice versa. However, very little is known about the communication between subcellular ROS compartments and whether endogenous ROS affect endothelial function differentially depending on their subcellular localization. In addition, there are no known systematic studies that examined the temporal effects of duration of ROS exposure to vascular endothelium in an animal model in vivo.
In the current study, using our recently generated binary (Tet-ON/ OFF) conditional transgenic mouse that induces EC-specific increase in NADPH oxidase-derived endogenous ROS, 35 we aimed to examine whether duration of exposure to increased endogenous ROS determines the apparently paradoxical redox effects (beneficial vs. harmful) on vascular endothelium. We also address whether increased levels of endogenous NOX-ROS modulate other subcellular sources of ROS such as mitochondrial ROS (mito-ROS). We divided these transgenic animals in two groups: one group was exposed to high ROS levels for 8 weeks (short-term) and another group was exposed to high ROS for 20 weeks (long-term). Using isolated mouse heart EC (MHEC), coronary microvessel and aortae from these two groups of animals, we report that the beneficial vs. deleterious effects of oxidants on vascular endothelium depends on the duration of ROS exposure as it perturbs the critical balance between subcellular ROS levels, i.e. mitochondrial vs. cytosolic ROS.
Methods
See online Supplemental data file for experimental details of the following methods.
Generation of binary Tet-NOX2:
VE-Cadherin-tTA mice
All animal experiments were approved by the Lifespan Institutional Animal Care and Use Committee. The transgenic animal was generated as previously described. 35 Detailed transgenic development has been described in the Supplementary material online, Supplemental data file.
Immunofluorescence and immunohistochemistry assays
Immunofluoresence and immunohistochemistry assays were performed as described. 36 
Ex vivo coronary microvessel relaxation studies
After cardiac harvest from animals that were Tet-ON (control) or Tet-OFF Tet-Nox2:VE-Cad-tTA (NVF) for 8 or 20 weeks, coronary arterioles (diameter, 80-120 lM; length, 2 mM) were dissected from the surrounding tissue. Microvessel studies [6 mice from each group (Tet-ON and Tet-OFF)] were performed using ex vivo organ bath videomicroscopy, as previously described. 33 
Mouse heart EC isolation and culture
Mouse heart ECs (MHECs) were isolated from the heart specimens of Tet-ON and Tet-OFF animals, as previously described. 35 For each experiment, primary cultures of Tet-ON and Tet-OFF were started simultaneously (a pool of three hearts from each group). For cell culture experiments, for each time point per group we used in vitro assays in triplicate with an n = > _ 5 independent replicate experiments (each using three animal hearts per batch of EC isolation per group or time points). Experiments using animal or animal organs such as coronary vessels, aortae, n = 6-8 were used unless otherwise stated.
Citrulline assay as a measure for nitric oxide synthesis
MHEC from Tet-ON and Tet-OFF animals were subject to citrulline assays as described 33 (and in the Supplemental materials).
Aortic sprouting angiogenesis assay
Aortae from Tet-ON and Tet-OFF mice were dissected and 1 mm-long pieces were incubated with 500 ll EGM-2 medium (Clonetics, Lonza, Walkersville, MD) with (Tet-ON, control) or without (Tet-OFF) tetracycline as previously described. 37 The sprouting area, vessel density and branching index of each ring were quantified using Angiotool software. 38 Immunostaining of the sprouts to identify EC was carried out on the frozen sections as follow. Aortic sprouts were taken out from the embedded matrigel and placed in OCT. Cryosections of 6-10 lM were subject to primary antibody (1:50 dilution of anti-CD31 antibody, Abcam, Cambridge, MA) followed by secondary antibody (488-alexa Fluor Rabbit, ratio 1:200, Thermofisher Scientific, Waltham, MA) and Paradoxical effects of subcellular ROS DAPI in the mounting media. Pictures were taken using 40Â and 60Â upright fluorescent microscope.
Western blots
Cell lysates were prepared from MHEC grown on 0.1% gelatin-coated plates to 80-90% confluence. Western blot (WB) analyses using MHEC protein lysates were performed as previously described. 35 Quantitative densitometric analysis of the Western blots was carried out using NIH Image J (NIH, Bethesda, MD) as described. 33 Phosphorylated moiety/ bands of the protein such as p-eNOS and p-AMPK were normalized against total eNOS and AMPK protein levels, respectively.
NADPH oxidase assay
NADPH oxidase activity assay was performed on homogenized MHEC using a Dounce homogenizer on ice in a buffer containing 20 mM KH 2 PO 4 (pH 7.0), 1Â protease mixture inhibitor (Sigma, Chicago, IL), 1 mM EGTA, 10 lg/ml aprotinin, 0.5 lg/ml leupeptin, 0.7 lg/ml pepstatin, 0.5 mM phenylmethylsulfonyl fluoride. 39, 40 Concentration of NADPH used in the assay was 100 mmol/L.
ROS measurement
DCF fluorescence assays-Total intracellular levels of ROS were determined by oxidative conversion of cell-permeable 2 0 ,7 0 -dichlorofluorescein diacetate (DCFH-DA; Molecular Probes Inc., Eugene, OR) to fluorescent dichloro-fluorescein as described previously. 35 HYPER fluorescence ratiometric assay-To measure intracellular H 2 O 2 , MHEC were transfected with pHyPer-2 (Addgene, Cambridge, MA), which encodes a derivative of hydrogen peroxide-specific sensor protein Hyper. 41, 42 Ratiomatric analysis of 500/420 nm was carried out as described by Belousov and Bilan. 42 
Quantitative real-time PCR
Real-time PCR was carried out as described previously. 43 Briefly, RNA was extracted from MHEC using the RNeasy RNA extraction kit (Qiagen, Valencia, CA). Primers were designed using the Primer Express oligo design software and synthesized by Integrated DNA Technologies (Coralville, IA) as described. 35 Mitochondrially encoded mt-Co1 gene expression was normalized against the 18 S rRNA described 35 .
Mitochondrial membrane potential (Dwm)
To analyse the Dwm, Tet-ON and Tet-OFF NVF MHEC were grown for 24 h in a 96-well black bottom plate. 44 Data points were plotted against respective Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (maximum depolarization) value as per the protocol of the manufacturer.
Mitochondrial ROS
MHEC were loaded with 1 lmol/L MitoSox and 100 nmol/L MitoTracker Green FM (Invitrogen, Carlsbad, CA) as described in the protocol of the manufacturer. 45 ,46
SOD activity assay
MnSOD activity was determined using SOD activity kit as per protocol of the manufacturer (Enzo Life Sciences, Plymouth Meeting, PA). This assay determines SOD activity in the cell lysates by the percent inhibition of superoxide ion concentration in the reaction mix generated during the conversion of xanthine and oxygen to uric acid and hydrogen peroxide by xanthine oxidase (supplied in the kit). Each sample was loaded in a 96-well plate to the final amount of 10 lg/well. Percent inhibition of the rate of WST-1-formazan formation was carried out using a readout at 450 nm. In order to determine MnSOD (SOD2) activity, we preincubated cell lysates on ice with 2 mM potassium cyanide for 1 h to inhibit SOD1 and SOD3 (CuZnSODs). MnSOD activity per microgram of protein was measured from each triplicate separately and was plotted in a bar graph where the Y-axis represented units of SOD/mg of protein.
MnSOD activity assay was performed using n = 5 MHEC cell cultures. Each batch of MHEC was prepared using pulled hearts from three transgenic animals/group per group per time point.
Cardiomyocyte isolation
Cardiomyocytes were isolated following published protocols. In brief, mice were anesthetized using the approved institutional IACUC protocol and hearts were subject to digestion buffer containing 30 mL perfusion buffer containing 400 U/ml collagenase II (Worthington Bioproducts, Lakewood, NJ) and 0.2% BSA for 20 min. Cells were allowed to pellet, the supernatant was removed and cells were resuspended in increasing concentrations of Ca 2þ . 47 ,48
Statistical analyses
All values are presented as mean ± SEM where appropriate. A value of P < 0.05 between experimental groups was considered to represent a significant difference (*). Non-linear regression modelling utilizing the extra sum-of-squares F test to compare slopes (Prism 5. Graph Pad Software, San Deigo, CA) was used for vessel relaxation assays. ANOVA and Tukey's post-hoc test were carried out for comparison between groups. Significance of experimental data involving two or more factors was determined using two-way ANOVA.
Results

Effects of short-term (8 weeks) vs. long-term (20 weeks) overexpression of NOX2 on ROS levels in coronary endothelial cells
A novel binary transgenic NVF (Tet-Nox2:VE-Cad-tTA) animal model was established, which upon withdrawal of tetracycline from the drinking water (Tet-OFF) for 2 weeks induces the expression of the transgene Nox2/gp91 phox (a major component of NADPH oxidase complex) in endothelium-specific manner under the guidance of VE-Cadherin promoter ( Figure 1A ). Tet-OFF animals (without tetracycline) induced Nox2 specifically in the endothelium of the transgenic mice for up to 20 weeks as previously reported 35 (see Supplementary material online, Figure S1 shows Tet-OFF for 8 weeks). In order to examine the effects of Nox2 overexpression on endogenous ROS levels at different time points in ECs (for 8 and 20 weeks), mouse heart endothelial cells (MHEC) were isolated from two independent binary transgenic mouse lines as described. 49 MHECs isolated from Tet-ON (control) and Tet-OFF animals were grown in medium containing tetracycline (2 lg/mL) and without tetracycline, respectively. To determine whether EC-specific Nox2 overexpression increased NADPH oxidase activity and total cellular ROS levels, lowconcentration lucigenin-based NADPH oxidase assay 50 and DCF-DA fluorescence assays 35 were performed, respectively. Tet-OFF MHEC from animals that were without tetracycline for 8 (short-term) and 20 (long-term) weeks showed 1. Figure 1D ). It may be noted that as measured by DCF-DA, a two-fold increase in fluorescence may not actually reflect two-fold increase in ROS in these cells. However, an increase in ratiometric analysis of ROS measurement by pC-Hyper adds additional support to an increase in ROS in our Tet-OFF animals as pC-Hyper is considered to be a more reliable measure for ROS levels. To demonstrate specificity, siRNA against Nox2 but not L-NAME (NO inhibitor) or allopurinol (xanthine oxidase inhibitor) was shown to inhibit ROS levels (fluorescence) in Tet-OFF MHEC ( Figure 1D ). These results suggest that overexpression of Nox2 for short term and long term resulted in similarly increased NADPH oxidase activity and ROS levels in ECs. Of note, there were no significant changes in the expression levels of other components of NADPH oxidase complex tested such p47 phox and p22 phox in Tet-OFF MHEC (data not shown). Together, the findings suggest that short- Where indicated, MHEC Tet-OFF for 20 weeks were pre-incubated with L-NAME (NO synthase inhibitor; 500 mM), allopurinol (xanthine oxidase inhibitor; 100 lM) or transfeted with si-Nox2 for specificity of the probe. Tet-ON MHECs were grown in medium containing tetracycline 2 lg/mL. All assays were carried out in triplicate. Scatter plot data shown are of triplicate experiments using independent replicates of n = 5 or more batches of ECs as indicated. *P < 0.05 (N > _ 5/time point/group). 
Shot-term and long-term increase in NOX-ROS resulted in activation of AMPK and eNOS
We have previously shown that increased ROS due to endotheliumspecific overexpression of Nox2 for short-term induced AMPKmediated activation of eNOS resulting in increased levels of nitric oxide (NO) in ECs. 35 To compare the effects of short-term vs. long-term ex- Figure S2A ). This ROS-induced phosphorylation of eNOS occurs through AMPK in ECs (see Supplementary material online, Figure 2B ).
Differential effects of short-term vs. long-term ROS increase on coronary endothelial function
Next, we wanted to determine the effects of short vs. long exposure of ECs to increased levels of endogenous ROS on coronary endothelial function. Coronary microvessels were isolated from the hearts of Tet-ON (control) and Tet-OFF (high ROS) animals for microvessel reactivity assay as a measure of endothelium-dependent coronary vasodilatation. Endothelium-dependent vasodilatation of coronary blood vessels from age-and sex-matched Tet-Nox2:VE-Cad-tTA Tet-ON (n = 6) and Tet-OFF (Tet-OFF for 8 and 20 weeks; n = 6/age group) mice were analysed as described. 33 Acetylcholine (Ach) and VEGF were used as EC agonists, and NO-donor sodium-nitroprusside (SNP) was used as control for vascular smooth muscle function. Coronary microvessels from transgenic animals that were Tet-OFF for 8 weeks (i.e. with high NOX-ROS) demonstrated 24±4.6% increase in endothelium-dependent vasorelaxation compared with their control littermates ( Figure 3A and B) . Interestingly, coronary microvessels from animals that were Tet-OFF for 20 weeks demonstrated 44±6.2% reduction in vasorelaxation in response to Ach Figure 3C and D), whereas SNP response was similar in both groups (see Supplementary material online, Figure S3 ). Together, these data suggest that whereas short-term increase in endothelium-specific NOX-derived ROS enhances endothelium-dependent vasorelaxation, sustained elevation in NOX-ROS (beyond 20 weeks) results in a significant decrease in coronary vasorelaxation. Since increased superoxide and NO are known to generate peroxynitrite (OONO -), next we examined whether sustained (long-term) elevation in endogenous ROS in Tet-OFF animals increased OONO -levels in EC. Using Nitrotyrosine assay kit (Cell Biolabs, San Diego, CA), MHEC that were exposed to long-term increase in ROS demonstrated more than two-fold increase in OONO -compared to MHEC from short-term (8 weeks) Tet-OFF animals (Supplementary ma terial online, Figure S4 ). Together, these findings suggest that whereas short-term ROS increase results in NO-mediated coronary vasorelaxation, long-term increase in ROS induce OONO -formation in EC resulting in the net outcome of inhibition of coronary endothelial function.
Next we wanted to examine whether long-term exposure to NOXderived ROS resulted in uncoupling of eNOS. To that end, we performed experiments to determine tyrosine phosphorylation (at Y657 residue) or S-glutathionylation of eNOS in MHECs. Interestingly, MHECs from animals that were exposed to short-term or long-term EC-ROS did not show any significant increase in Y657 phosphorylation and S-glutathionylation (Supplementary material online, Figure S5 ), suggesting that EC-specific increase ($2-fold) in NOX-ROS does not uncouple eNOS via Y657 phosphorylation or S-glutathionylation in this transgenic animal model.
Sustained increase in NOX-ROS results in decreased endothelial proliferation and angiogenic sprouting compared with shortterm elevation in ROS
Since sustained exposure to ROS affected endothelium-dependent vasorelaxation, we wanted to examine whether cell proliferation, another critical function of EC, was differentially regulated by short-term vs. longterm exposure to ROS. MHEC from Tet-ON and Tet-OFF mice (8 weeks and 20 weeks Tet-OFF) were subject to proliferation assay using Click-iT EdU Kit (ThermoFisher Scientific, Waltham, MA). Exposure to increased ROS for 8 weeks resulted in increased EC proliferation. In contrast, increased ROS for 20 weeks inhibited EC proliferation ( Figure 4A) .
Next, we wanted to determine whether duration of ROS exposure has differential effects on sprouting angiogenesis. To that end, we performed ex vivo aortic ring sprouting assays using aortae from Tet-ON and Tet-OFF animals. Increased endothelium-specific ROS for 8 weeks 
significantly increased sprouting area and vessel density, but aorta with increased ROS for 20 weeks did not ( Figure 4B) . Together with the EC proliferation data, these findings suggest that whereas short-term ROS increase improves EC proliferation and angiogenic sprouting, long-term ROS exposure does not.
Sustained elevation in NOX-ROS increases mitochondrial ROS and reduces mitochondrial membrane potential (Dwm)
We consistently observed that increase in endothelium-specific NADPH oxidase-derived ROS in our transgenic animal resulted in overexpression of mitochondrial antioxidant MnSOD (Supplementary mater ial online, Figure S6A ), suggesting plausible modulation of subcellular ROS levels in the mitochondria of these ECs. Therefore, we wanted to determine mitochondrial (mito)-ROS levels in ECs of NVF Tet-OFF animals. Mito-ROS levels were increased in ECs from both short-term and longterm Tet-OFF NVF animals. However, short-term Tet-OFF ECs demonstrated a moderately increased (1.98±0.26) and long-term Tet-OFF showed a very high (4.2±0.83) level of mito-ROS ( Figure 5A ). Changes in mitochondrial ROS are known to have effects on mitochondrial activity. Depolarization of the membrane is a measure of inhibition of mitochondrial activity. In order to examine whether mitochondrial membrane potential (Dwm) was affected, we performed TMRE-based membrane potential assay using ECs isolated from the transgenic animals that were Tet-ON or Tet-OFF for 8 weeks and 20 weeks. Although there were no significant differences in Dwm in ECs from animals that were exposed to high ROS for 8 weeks compared with their Tet-ON counterparts, there Figure 4 Cell proliferation increased in ECs that were exposed to high levels of endogenous ROS for 8 weeks but not 20 weeks. (A) MHEC from Tet-ON and Tet-OFF mice (for 8 and 20 weeks, n = 6/group per time points) as indicated was subject to proliferation assay using incorporation of EdU in the DNA of ECs. *P < 0.05. (B) Aortic sprouting assays were carried out ex vivo using aortic ring from Tet-ON and Tet-OFF (for 8 and 20 weeks as indicated) transgenic animals (n = 6 aortae per group per time points, using n > _ 4 pieces from each aorta). Lower panel shows quantitative analysis of the sprouting area, sprouting density and branching index using Angiotool software as described in the Methods section. Experiments were carried using n = 6 animals per group per time point. *P < 0.
was significant reduction in Dwm in ECs from animals that were Tet-OFF for 20 weeks (Figure 5B) , suggesting that sustained increase in NOX-ROS results in reduction in mitochondrial membrane potential. Next, we wanted to determine whether increased mito-ROS had any effect on mitochondrial DNA (mtDNA) content, another measure of mitochondrial number and function in cells. RT-PCR assay for mitochondrially encoded gene, mt-Co1 (cytochrome c oxidase I), was analysed against 18S rRNA to determine mt-DNA content. RT-PCR demonstrated a significant reduction in mitochondrial DNA in MHEC exposed to higher redox content for long-term (20 weeks) but not for short-term ( Figure 5C ). These results suggest that higher levels of NADPH oxidase-derived ROS initially (for up to 8 weeks) increase mito-ROS, expression of antioxidant MnSOD and mt-DNA content but it does not have any effect on Dwm in ECs. In contrast, increased cytosolic ROS for 20 weeks results in very high levels of mito-ROS as well as decrease in Dwm and DNA content, suggesting adverse effects of C and fluorescence was measured using a microplate reader. Data points were plotted against respective FCCP (maximum depolarization) value as per manufacturer's protocol. n = 5 experiments each using independent batches of MHEC per group per time point, and each using triplicate samples. *P < 0.05. (C) Mitochondrial DNA content measurement. RT-PCR was carried out using total RNA prepared from MHEC as indicated from Tet-ON and Tet-OFF (8 and 20 weeks) transgenic animals. Mitochondrial gene, mt-Co1, was analysed against 18S rRNA to determine mt-DNA content. n = 5 experiments each using independent batches of MHEC per group per time point, and each using triplicate samples. *P < 0.05.
Paradoxical effects of subcellular ROS sustained or chronic increase in NADPH oxidase-derived ROS on mitochondrial function in ECs.
These findings were intriguing as there were no significant differences in mitochondrial antioxidant protein MnSOD levels between ECs from short-term and long-term Tet-OFF animals (Supplementary material on line, Figure S6A , compare Tet-OFF 8 weeks vs. 20 weeks). This led us to determine whether there were any changes in the functional activity of MnSOD in these two groups of ECs. Since sustained (long-term) increase in ROS resulted in increased peroxynitrite in ECs compared to ECs with short-term ROS exposure (Supplementary material online, Figure S4 ), and nitration of the tyrosine residue 34 (Tyr-34) at MnSOD is known to have inhibitory effects on the protein's activity, 52 we performed assays to determine nitro-tyrosine modification of MnSOD in endothelial cell lysates. Immunoprecipitation with anti-nitrotyrosine antibody followed by immunoblot using anti-MnSOD antibody showed significantly increased levels of nitration modification of Tyr-34 at MnSOD in ECs from NVF animals that were exposed to sustained increase (20 weeks) in NADPH oxidase-derived ROS compared with ECs with short-term (8 weeks) ROS exposure (Supplementary material online, Figure S6B ). Corresponding MnSOD activity assay confirmed significant inhibition of MnSOD activity in ECs from animals that were exposed to long-term NADPH oxidase-derived ROS (Supplementary material on line, Figure S6C ). Taken together, these findings suggest that, in contrast to short-term increase in cytosolic ROS, sustained or long-term increase in NADPH oxidase-derived ROS exerts adverse effects on mitochondrial function through tyrosine inactivation of MnSOD in ECs.
Inner membrane mitochondrial Permeability Transition Pores (mPTP) are known to be affected by increased ROS. In order to determine whether increased NOX-derived ROS resulted in changes in mPTPs, isolated mitochondria from MHECs from Tet-ON and Tet-OFF mice that were exposed to short-term and long-term ROS were examined for decrease in light scattering at 525 nM for mitochondrial swelling as an indicator of mPTP opening. MHEC exposed to long-term EC-ROS demonstrated significant decrease in light scattering compared to short-term EC-ROS (Supplementary material online, Figure S7 ), suggesting mitochondrial swelling in long-term ROS MHEC. mPTP inhibitor cyclosporine A (CsA) blocked mitochondrial swelling in these MHEC, further suggesting an important role for mPTP in NOX-ROS-derived effects on EC mitochondria.
Reduction in mito-ROS partially restores EC proliferation and sprouting angiogenesis in the aorta of animals with high NOX-ROS
In order to examine whether NOX-ROS-induced increase in mito-ROS is responsible for inhibition of EC proliferation, Tet-OFF MHEC were preincubated with 100 nM mito-TEMPO (an inhibitor of mito-ROS) and were subject to EC proliferation assay as described in Methods section. Mito-TEMPO-treated MHEC from long-term NOX-ROS animals resulted in a significant increase in EC proliferation ( Figure 6A) , suggesting that an increase in mito-ROS plays a role, at least in part, in the inhibition of proliferation in ECs that are exposed to increased levels of NOX-ROS for 20 weeks.
We next wanted to examine the effects of reduction in mito-ROS on sprouting angiogenesis assay using aorta from the NVF Tet-OFF (longterm) animals. Incubation with mito-TEMPO partially restored sprouting angiogenesis in aorta from the transgenic animals that were exposed to NOX-ROS for 20 weeks (Figure 6B) , suggesting that higher levels of mito-ROS, at least in part, result in reduced aortic sprouting angiogenesis. Furthermore, in order to confirm that majority of cells in aortic sprouts are ECs, we performed immunofluorescence studies on the frozen sections of the aortic sprouts using anti-CD31 antibody (Supplementary material online, Figure S8 ).
Discussion
We demonstrate that above-physiological levels of EC-specific NADPH oxidase-derived ROS in vivo exert distinct beneficial and adverse effects on vascular endothelium depending on the duration of the ROS exposure and on subcellular ROS levels in mitochondria. Whereas short-term ROS (up to 8 weeks) induced activation of AMPK and eNOS resulting in an increased endothelium-dependent coronary vasorelaxation, longerterm ROS exposure (20 weeks) resulted in oxidative damages to EC by increasing ONOO-formation, inactivation of mitochondrial antioxidant MnSOD, increased mitochondrial ROS and decreased mitochondrial membrane potential (Supplementary material online, Figure S7 ). An increase in peroxynitrite and mitochondrial dysfunction due to sustained (long-term) elevation in endogenous ROS in the cytosol of EC may have resulted in decreased endothelium-dependent vasorelaxation and EC proliferation.
The data presented in this study were obtained using conditional increase (1.8-2-fold) in NAPDH oxidase-derived ROS in a vascular endothelium-specific manner for 8-20 weeks. There were no changes observed in gross phenotype including blood pressure in these animals. These finding are in accordance with the findings of the Channon and the Shah groups; Tie2 promoter-based constitutive overexpression of Nox2 did not modulate basal blood pressure in their transgenic animals. 53, 54 The absence of any adverse effects on endothelium during the short-term ROS exposure was very interesting. These findings point to the existence of an endothelial compensatory mechanism(s) that prevents oxidative damages to the vasculature during the short-term (8 weeks) exposure to ROS. Increased expression of antioxidant MnSOD that protects mitochondria from oxidative insults, and increased synthesis of NO, appears to play critical roles in resetting endothelial signalling pathways during short-term increase in oxidant levels. It is thus plausible that the differential effects of short-and long-term ROS exposure on EC may have emanated from the compensatory mechanism of the mitochondria. At a later time point (20 weeks), this protective mechanism probably fails to protect ECs as tyrosine nitration and inactivation of MnSOD results in several fold increases in mito-ROS and loss of membrane potential ( Figure 7 , proposed model). It is plausible that increased mito-ROS disrupts the electron transport chain (ETC) in the mitochondria, which in turn reduces mitochondrial membrane potential. However, although it is known that mitochondrial dysfunction reduces dNTP synthesis, 55 the data presented in this study do not establish a direct link between mitochondrial dysfunction and loss of EC proliferation in animals exposed to sustained high levels of ROS. Further studies are required to address this issue.
The finding that overexpression of Nox2 was not accompanied with an increase in p22 phox is interesting as there are reports of 1:1 stoichiometry between Nox2 and p22 phox . However, majority of the previous stoichiometric studies were performed using neutrophil or phagocytic cells where the authors showed p22phox:gp91phox (Nox2) ratio to be 1: 1. perinuclear and other intracellular membranes e.g. endoplasmic reticulum, (ii) whereas non-phagocytic NOX is pre-assembled and generate ambient levels of ROS intracellularly, phagocytic NOX enzyme complex does not have any basal activity and is only formed upon stimulation to generate extracellular (within the phagosome) ROS, (iii) phagocytic ROS generation is fast (within seconds) and at the millimolar levels but non-phagocytic NOX is slow to produce ROS at the micromollar levels. Thus, there may be some stoichiometric differences between the ratio of p22phox and gp92phox (Nox2) in EC and phagocytic NADPH oxidase. Careful structural studies are required to address this issue in future. chondrial ROS inhibitor mito-TEMPO (100 nM) and were then subject to EC proliferation assay as indicated. *P < 0.05. n = 6 experiments each using independent batches of MHEC per group per time point, and each using triplicate samples. (B) Aortic sprouting assay using mito-TEMPO as described in the Methods section. n = 6 aortae per group per time points. Lower panel shows quantitative analysis of the sprouting area using Angiotool software as described in the Methods section. Experiments were carried using n = 6 animals per group per time point using n > _ 4 pieces from each aorta. *P < 0.05.
Paradoxical effects of subcellular ROS
We have also shown differential effects of short-term vs. long-term ROS exposure on EC proliferation. Our in vitro EC proliferation data and ex vivo aortic sprouting angiogenesis assay demonstrated significant differences between transgenic animals that were exposed to increased EC-ROS for 8 and 20 weeks. Together, these findings demonstrated that an increase in ROS for short-term (8 weeks) but not long-term (20 weeks) induces EC proliferation and sprouting angiogenesis.
The findings that increased EC-ROS results in increased expression of mitochondrial antioxidant enzymes (e.g. SOD2) and activation of AMPK (an AMP:ATP sensor, mito-ROS sensor) enhances the probability of altered mitochondrial function and/or ROS/Dwm levels. [58] [59] [60] [61] [62] [63] [64] [65] Future studies to measure mitochondrial oxygen consumption (as a marker for oxidative phosphorylation), 66, 67 and lactic acid formation (marker for glycolysis) 68 will examine the functional role of mitochondria in NOX-ROS-induced phenotypic changes in ECs. However, we do not expect to see any significant changes in mitochondrial oxygen consumption/demand in Tet-ON and Tet-OFF (8 weeks) MHEC as ECs do not depend on mitochondrial oxidative phosphorylation for energy (ATP) production. 69 The findings in the current study that eNOS is phosphorylated and activated by pAMPK are not novel. There are reports of activation of eNOS and NO generation by several different non-Akt kinases such as AMPK and PKA in ECs and cardiovascular cells. [70] [71] [72] [73] [74] [75] Interestingly, in the current study, the levels of activation of the survival kinase AMPK and eNOS remained same throughout the duration (8-20 weeks) of the exposure of EC to increased levels of endogenous ROS. The findings reported in this article suggest that NADPH oxidase-derived increase in endothelium-specific ROS initially induces protective mechanisms in coronary endothelium by activating AMPK, eNOS, and inducing MnSOD expression. This protective role of ROS is reversed with time, i.e. with longer exposure of EC to ROS, because of the accumulation of ONOO-that results in nitrotyrosine-mediated inhibition of MnSOD. This, in turn, results in the loss of mitochondrial protection from higher oxidant levels in EC. The data presented in this study point to a critical role for mitochondrial redox content in shifting the balance of cytosolic ROS from being beneficial to harmful. Further studies are required to elucidate the mechanisms by which cytosolic ROS modulate mitochondrial ROS levels and function. There are reports showing that the interaction between NOX-ROS and mitochondria occurs through several different pathways including mPTP and ion channels in mitochondria. [76] [77] [78] [79] [80] Using animal models treated with mitoTEMPO and with global overexpression of MnSOD, the Dikalov group demonstrated that mitochondria play a critical role in Ang-II-induced hypertension and vascular oxidative stress 77 . The Daiber group showed that mito-ROS activates NADPH oxidase in phagocytes and cardiovascular tissue resulting in vascular dysfunction; they have also demonstrated that reduction in MnSOD activity and increase in mito-ROS exacerbated endothelial dysfunction and uncoupling of eNOS through mPTP. 76 Our preliminary findings presented in this study support a role for mPTP through which NOX-ROS may affect EC mitochondria. However, further studies are required in future to determine the precise mechanisms involved in NOX-mito-ROS crosstalk in ECs with endothelium-specific temporal increase in NOX-ROS. Interestingly, increased NOX-derived EC ROS in our binary conditional animal model did not demonstrate evidence of eNOS uncoupling as examined by Y657 phosphorylation (inhibitory phosphorylation site) and S-glutathionylation of eNOS using MHEC. Although it may appear in apparent contradiction with the reports that demonstrated ROS inhibited/ uncoupled eNOS by phosphorylation of its Y657 residue through a PYK2-dependent manner, 81 the apparent discrepancies between the findings of these studies may be explained by the following. Whereas the other studies used exogenous H 2 O 2 and agonist-induced (Ang-II) increase in ROS in animal and cell culture models, the current study uses a genetic model that results in increase ($2-fold) in NOX-ROS in a vascular endothelium-specific manner. It is plausible that eNOS activation (or uncoupling) depends on the type of agonists and/or subcellular localization/sources of ROS; for example, PYK2 plays a central positive role in vascular endothelial growth factor (VEGF)-induced activation of AkteNOS in ECs and in a hind-limb ischemia model. 82 These findings also raise several important translational questions to be studied in future: (i) Does cytosolic-mitochondrial ROS axis modulate endothelial cell growth and proliferation in vivo, such as angiogenesis in post-infarct or chronically ischemic myocardium that often has higher ROS levels? (ii) What effects do increased ROS levels have on AMPKregulated signalling intermediates and transcription factors in vascular endothelium, namely PGC-1a, HIF-1a and FOXO1, which are known to be involved in mitochondrial biogenesis and MnSOD expression? (iii) Does higher redox state alter metabolism in ECs including mitochondrial oxidative phosphorylation, oxygen consumption and dNTP synthesis? (iv) Can targeting subcellular source-specific ROS by antioxidants revert pathological changes that have been caused by the prolonged increase in oxidants (such as in diabetes, chronic myocardial ischemia)? Ongoing studies in our lab are addressing these important questions of pathophysiological significance.
Finally, the finding that tyrosine nitration modification of the mitochondrial antioxidant MnSOD depends on the duration of endothelial exposure to NADPH oxidase-derived ROS advances our current understanding of temporal roles of ROS in the pathological processes. The current study suggests that the mitochondrial ROS balance is critical in exerting the differential effects (good vs. bad) of NADPH oxidasederived ROS on vascular endothelium and will have great impact on the 
